Introduction {#sec1}
============

Sugars are a common source of energy for all living organisms. In plants, sugars are produced through photosynthesis in leaves. The synthesized sugar molecules are transported to different tissues and organelles through a class of specialized cellular uptake transporters called SWEETs (Sugars Will Eventually Be Exported Transporters). SWEETs are a family of transporters that have been recently identified in plants and mediate various physiological functions including plant growth, nectar production,^[@ref1]^ and seed and pollen development.^[@ref2],[@ref3]^ SWEETs transport diverse substrates including glucose and sucrose which is involved in long-distance sugar transport through a phloem loading mechanism from the source (leaves) to sink (fruits, roots) tissue.^[@ref4]−[@ref6]^ Thus, engineering SWEETs to increase the sugar loading in phloem could enhance the crop yield.^[@ref7]^ SWEETs are also involved in many developmental processes. Therefore, it is important to understand their functional role and transport mechanism to meet current challenges in agricultural productivity.

SWEETs consist of seven transmembrane (TM) helices arranged into a pair of triple helix bundles (THBs) connected by an inversion linker, namely, TM4. These transporters share close structural homology with the bacterial sugar transporters SemiSWEETs,^[@ref8]−[@ref10]^ the smallest transporter protein.^[@ref11]^ Evolutionary sequence analysis reveals that SWEETs and SemiSWEETs belong to the PQ-loop family of transporters characterized by a conserved Pro--Gln motif in TM1.^[@ref12]^ Crystal structures of SemiSWEETs in different conformational states \[i.e., inward-open (IF),^[@ref10],[@ref13]^ occluded (OC),^[@ref9]^ and outward-open (OF)^[@ref10],[@ref13]^ state\] have provided the opportunity to understand the functional mechanisms of these proteins in atomistic detail. The distinct conformations of SemiSWEETs highlight that its transport mechanism is based on the principle of alternate access.^[@ref14]^ However, the crystal structure of the SWEET family transporter, OsSWEET2b, has been obtained in the IF state,^[@ref15]^ which is the first structure of a sugar transporter in plants. In the available crystal structure of OsSWEET2b, the binding site is occupied by polyethylene glycol (PEG).^[@ref15]^ The chemical group oxyethylene mimics the sugar (hydroxyl moiety), and the bound pose of PEG is stabilized by weak van der Waals interaction. It is likely that the oxyethylene moiety mimics the glucose in the binding site.^[@ref10],[@ref15]^ However, a single crystal structure cannot provide an understanding of the intermediate metastable states and the transport cycle of SWEETs. Furthermore, it remains unclear how SWEETs or any other plant sugar transporters recognize, bind, and translocate glucose in plants. More recently, the crystal structure of AtSWEET13 was also obtained in the IF state bound to a 2′-deoxycytidine 5′-monophosphate in the central binding site.^[@ref16]^ Both OsSWEET2b and AtSWEET13 share a similar structural topology. To characterize the complete transport cycle, the structural knowledge of intermediate states such as OC and OF states is essential to elucidate the molecular mechanism of membrane transporters.

A recent molecular simulation study of LbSemiSWEET proposed a "free-ride" mechanism of glucose transport, where the term "free-ride" was used to imply that glucose diffuses freely from the extracellular to intracellular side without inducing major conformational changes in the transporter.^[@ref13]^ From a structural viewpoint, there are no major helical shifts while glucose is being transported. It is not clear if a similar mechanism applies to the SWEET transporters as well. In this study, we used computational approaches to not only test the applicability of the "free-ride" mechanism to the structures of the intermediate conformational states (OC and OF) of the SWEETs but also provide an atomistic description of the glucose binding mechanism and the gating residues responsible for locking the transporter in specific conformations. We used the glucose unbound OsSWEET2b monomer in the IF state as a starting structure and performed extensive molecular dynamics (MD) simulations to capture the molecule-level details of transitions among conformational states. Using Markov state models (MSMs), we cluster the simulation data into kinetically relevant states and estimated the free energy barrier to the conformationally distinct state and also characterized the complete glucose transport cycle. The critical residues that participate in transport identified using simulations are validated using site-directed mutagenesis experiments. Mutations in AtSWEET1 designed on the basis of the mechanistic insights from simulations abolish (Asn50) or exhibit dramatic effects (Tyr44, Glu80, Cys172, and Tyr189) on glucose transport. From MD simulations of glucose bound OsSWEET2b, we show that glucose diffuses freely from the periplasmic to cytoplasmic side in SWEETs without inducing major conformational changes, but glucose molecules actively remodel the free energy landscape by lowering the energy barrier between the intermediate states to enhance the transport. Our results raise interesting questions about the structural and functional design of SWEET transporters that enable this mechanistic difference from its structural and functional homologue in bacteria, SemiSWEETs.

Results {#sec2}
=======

Glucose Reduces the Free Energy Barrier Associated with the Transport Process in OsSWEET2b to Enhance its Transport Rate {#sec2.1}
------------------------------------------------------------------------------------------------------------------------

The OsSWEET2b crystal structure (PDB ID: 5CTH),^[@ref15]^ obtained in the IF state, was used as the starting structure for MD simulations. Simulations were performed over a duration of ∼213 μs to explore the conformational landscape of glucose unbound (*apo* ∼ 145 μs) and bound (*holo* ∼ 68 μs) transporter. The glucose unbound data set was used to build an MSM (see the [Methods and Materials](#sec4){ref-type="other"} section for details), and the MSM equilibrium probability weighted free energy landscape plot reveals the key transition among states ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The ionic interaction between Asp190 (CG)--Arg70 (CZ) at the periplasmic side acts as a lid and closes the pore tunnel. At the cytoplasmic side, a residue on the loop that joins TM1--TM2 (Phe43 (Cα)) and another residue on the loop that joins TM5--TM6 (Phe165 (Cα)) act as an intracellular gate ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). We projected the simulation data on these two metrics to explore the conformational dynamics of the transporter as the opening and closure of pore channels strictly determine the specific state such as OF, OC, and IF. The states 1--6 in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A represent the inward-open (IF), occluded (OC), extended IF--OC, partial OC--OF, outward open (OF), and extended IF--OF states. The dominant pathways of conformational transition between the intermediate states were identified using transition path theory (TPT).^[@ref17]−[@ref19]^ The gray solid line in the plot shows the lowest free energy pathway between the IF and OF states, while an alternate, higher-free-energy pathway is shown with black dotted arrows. The thin solid black lines show the extended wide open IF--OF state, and transition through this pathway is not possible because of the high energy barrier. The free energy barrier for one complete cycle of glucose unbound OsSWEET2b from the IF to OF state was found to be ∼4 kcal/mol.

![Conformational free energy landscape of OsSWEET2b. The free energy landscape plot for OsSWEET2b (A) without and (B) with glucose. The pore channel gating residues opening and closure at the periplasmic and cytoplasmic side are obtained by measuring the distances between the residue atoms Asp190 (CG)--Arg70 (CZ) and Phe165 (Cα)--Phe43 (Cα). The crystal structure (PDB ID: 5CTH) is shown as a black star. The glucose induced conformational changes in OsSWEET2b are shown in part B. The changes in pore radius and glucose translocation at different conformational states are depicted in parts A and B. The average pore channel radius for all states is shown for glucose unbound and bound simulations in parts C and D. (D) The hourglass-like intermediate state shows that the pores are open at both ends and constricted at the middle of the transporter.](oc-2019-00252f_0001){#fig1}

In glucose unbound simulations, the distances between the loops at the cytoplasmic side increase up to ∼30 Å leading to a high-energy unstable state (∼5 kcal/mol) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The loops come close to each other as TM2 and TM6 become straight, thus leading to the formation of the OC state. The cytoplasmic distance reduces to ∼4--5 Å, and the free energy plot shows that ∼0.5--1 kcal/mol is required to switch from the IF to the OC state. The partial OC--OF state is obtained as Arg70 loses interaction with Asp190 and the distance between the residues increases to ∼7--9 Å. A free energy of ∼3--3.5 kcal/mol is required for the transition from the OC to the partial OC--OF state. A further increase in the same distance to ∼15--20 Å results in the OF state. The transporter also adopts an extended IF--OC conformational state, where the intracellular distances are equivalent to the crystal structure; the extracellular distances increased to ∼7--9 Å, and the OF state is finally reached via the partial OC--OF state. The free energy barrier for the transition from the IF to the extended IF--OC was found to be ∼3--3.5 kcal/mol which is higher compared to Path-1A. The conformations like extended IF--OF are also obtained, and it is evident from the conformational landscape plot that the transitions through this state are restricted due to the high energy barrier. The measurement of minimum pore radius of different states reveals that SWEETs follow the canonical alternate access mechanism ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C).

The simulations were further extended from the OF state to investigate the glucose binding and transport mechanism ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B), and a similar MSM analysis was performed on the collected MD data (see the [Methods and Materials](#sec4){ref-type="other"} section for details). TPT identified two dominant paths, and the path indicated by the gray dotted line shows the glucose transported from the OF to IF state via the partial OC--OF and OC state. The path indicated with the black line shows glucose transport via extended IF--OC state. In the presence of glucose, the landscape becomes flat with a highest barrier of ∼3 kcal/mol, and intermediate states are easily accessible compared to those in glucose unbound simulations. The free energy plot shows that the glucose bound simulations stabilize the OF state with an energy difference of ∼2 kcal/mol as compared to the unbound OF state. For glucose bound OsSWEET2b, the free energy barrier for transition both from the partial OC--OF to the OC state and from the extended IF--OC to the IF state was ∼2--3 kcal/mol. The comparisons of mean pore radius and structures of IF, OC, and OF states of bound simulations are similar to unbound simulations ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D and [Figures S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The presence of glucose also results in the sampling of hourglass-like intermediate states where the transporter is open at both ends and narrower at the center. The adaptation of intermediate hourglass-shaped cavities is one of the common structural topologies in membrane transporter biology to transport substrate molecules.^[@ref20],[@ref21]^ However, the average pore radius for hourglass-like states shows that the pores are constricted at the center of the transporter, thereby maintaining the alternate access mechanism instead of showing channel-like behavior ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D).

Rearrangement of the Hydrogen Bond Network Enables the Transition between Conformational States of the SWEET transporter {#sec2.2}
------------------------------------------------------------------------------------------------------------------------

The predicted OC state exhibits large structural changes in the cytoplasmic side compared to the periplasmic side. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A shows that the pore channel is closed at both ends of the transporter. The polar and the ionic residues (Asp190, Arg70, Tyr61, Gln132) form a network of strong interaction at the periplasmic side to close the pore channel. The guanidinium group of Arg70 interacts with the carboxylate group of Asp190, acting as an extracellular gate ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). This salt bridge interaction is conserved in LbSemiSWEET ([Figure S7A--C](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)) . Arg55--Asp57 in LbSemiSWEET^[@ref9]^ ([Figure S7C](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)) acts as gating residues which lock the transporter at the periplasmic side. The disruption of this ionic interaction leads to the OF conformation.^[@ref13]^ Tyr61 of TM2 makes an additional hydrogen bond interaction with Asp190, and the conformation of Tyr61 is further stabilized by Gln132 of TM5. These amide and hydroxyl interactions close the extracellular opening and further stabilize the conformation. Tyr51 (Tyr61)--Asp57 (Asp190) residue interactions are also conserved in LbSemiSWEET, and this additional polar interaction locks the helices in a closed conformation.^[@ref9]^ The interhelical polar interactions between the residues Asn17--Leu72 (CO), Asn17--Val76 (NH), and Asn54--Ser142 (OH) at the extracellular side are very similar to those in the crystal structure (IF).^[@ref15]^ TM2 becomes straight and establishes a new hydrogen bond interaction between Gln84 and Ser51 (OH), thus stabilizing the helix conformation. The distance between Pro47 (Cα)--Ser171 (Cα) and Tyr48 (Cα)--Leu170 (Cα) at TM2 and TM6 reduces to ∼12--13 Å compared to ∼17 Å in the IF state ([Figure S7H](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The corresponding residues \[Tyr38 (protomer A)--Met37 (protomer B) and Met37 (protomer A)--Tyr38 (protomer B)\] on TM2 (A)--TM2 (B) in the LbSemiSWEET (OC) crystal structure are 13.7 Å away from each other ([Figure S7G](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). This helical movement partially closes the intracellular side of the transporter. The intracellular loops come close to ∼4--5 Å as the transporter approached the final OC state. The loops were further held tight by formation of ionic/polar contacts between Glu164--Arg42--Ser160 which stabilize the loop conformation that locks in the OC state. The distance between the loop joining residues \[Asp32(Cα-A)--Asp32(Cα-B) and Phe43(Cα)--Phe165(C)\] in LbSemiSWEET and predicted SWEET (OC) are ∼4--5 Å, respectively ([Figure S7D](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The predicted OC state aligns well with LbSemiSWEET (OC) ([Figure S7B,F](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)), which is demonstrated by similar pore radius profiles ([Figure S7E](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The interhelical hydrogen bond interactions Gln84--Ser51 (TM3--TM2), Tyr48--Asp44 (TM1--loop), Tyr87--Phe24 (TM3--TM1), Tyr169--Thr29 (TM6--TM1), and Tyr211--Met166 (TM7--TM6) provide additional stability to the OC state.

![Structural characteristics of the predicted (A--C) OC and (D--F) OF state. The pore channel passing through the predicted OC and OF state is shown in (A) purple and (D) yellow. The interhelical interaction that stabilizes OC and OF states is depicted in parts B and E. Two-dimensional plot of the pore channel radius along the *Z*-axis obtained for the (C) OC and (F) OF state using the HOLE program.^[@ref22]^ The snapshots corresponding to OC and OF microstates are extracted from the simulation data, and the average pores channel radius is shown for both states, respectively (see the [Methods and Materials](#sec4){ref-type="other"} section for details).](oc-2019-00252f_0002){#fig2}

Large helical rearrangements at the extracellular side of the transporter were identified in the predicted OF state as compared to the crystal structure, and few changes were noticed at the intracellular side ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D). The pore channel radius of the predicted OF state and the EcSemiSWEET crystal structure^[@ref10]^ (OF) shows that the periplasmic cavities are wide open while the intracellular parts are closed ([Figure S8A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). Breakage of ionic and polar interactions between Arg70--Asp190, Asp190--Tyr61, and Tyr61--Gln132 results in extensive movement of TM2, TM3, TM6, and TM7. The helices TM2 and TM6 move ∼15--20 Å from each other and open the pore channel ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E and [Figure S8B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The OF states are less stable as the free energy of this state (∼3--4 kcal/mol) is higher than those of the other intermediate states ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The interaction Gln132--Trp60 stabilizes TM2 in the OF state. TM2 rotates ∼5 Å, and thus, Asn54 loses interaction with Ser142 establishing a new contact with Ser139, thereby providing additional support for opening of the pore channel at the periplasmic side. The interactions at the intracellular part of the receptor are retained as observed in the predicted OC state. The hydrogen bond contacts between the residues Gln84--Ser51 (TM3--TM2), Tyr87--Phe24 (TM3--TM1), Tyr169--Arg33 (TM6--TM1), and Tyr211--Met166 (TM7--TM6) keep the helices close to each other and partially close the bottom part of the transporter. Additionally, the loop residues Glu164--Arg42--Ser160 form a polar interaction and close the transporter at the cytoplasmic side in the OF state. The EcSemiSWEET (OF) crystal structure and the predicted OF state are in good agreement in terms of localization of helices ([Figure S8B--D,F](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The OF state pore radius plot shows a good match with EcSemiSWEET ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}F and [Figure S8E](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The comparison of intracellular distance between the helices TM2 (protomer A)--TM2 (protomer B) of the EcSemiSWEET (OF state) crystal structure is in good agreement with the predicted OF state ([Figure S8G,H](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)).

Conformational Transition in the Glucose Unbound Simulation {#sec2.3}
-----------------------------------------------------------

Using transition path theory (TPT), we determined the conformational transitions between intermediate states that dominate in the transport cycle of OsSWEET2b ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). TPT identifies the top flux pathways from the IF (source) to OF (sink) state through intermediate states in the MSM ([Figure S9A,B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). In MD simulations, we observed the extended IF state, where the cytosolic loops at the intracellular part increase up to ∼25--30 Å and result in an energetically unstable state ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A and [1](#fig1){ref-type="fig"}A). The network of polar hydrogen bond interactions closes the pore channel at the periplasmic side. In the IF state, TM1 is kinked at Pro27 and results in a bendlike helix conformation. The proline residue is conserved in SemiSWEET and SWEET, and mutation to alanine in EcSemiSWEET decreases substrate transport.^[@ref10],[@ref15]^ The distance between the cytoplasmic loops decreases to 9 Å and forms the salt bridge interaction of Glu164--Arg33, thereby initiating the conformational transition from IF to partial IF--OC ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B,C). The network of polar hydrogen bond interactions closes the pore channel at the periplasmic side. In the IF state, TM1 is kinked at Pro27 and results in a bendlike helix conformation. The proline residue is conserved in SemiSWEET and SWEET, and mutation to alanine in EcSemiSWEET decreases substrate transport.^[@ref10],[@ref15]^ The distance between the cytoplasmic loops decreases to ∼9 Å and forms the salt bridge interaction of Glu164--Arg33, thereby initiating the conformational transition from IF to partial IF--OC ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B,C). The shift in the salt bridge interaction between Arg33--Glu164 to Arg42--Glu164 further decreases the loop distance to ∼4--6 Å resulting in the OC state ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D). In the OC state, the polar interactions at the periplasmic side are analogous to the IF state, and TM1 becomes more straight compared to the kinked helix in the IF state. The additional helical contact between Gln84--Ser51 on TM2--TM3 adds more stability to the helices to adopt the OC state. The formation of stronger interactions at the cytosolic surface results in weakening of the interaction at the periplasmic surface. The breakage of the Arg70--Asp109 ionic interaction results in the partial OC--OF state ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}E). In the partial OC--OF state, the distance between the Arg70--Asp190 increases to ∼7--9 Å and partially opens the extracellular cavity. At this juncture, Tyr61 still holds the interaction with Asp190, stabilized by the interaction between Tyr61--Gln132. The distance between Arg70--Asp190 further increases up to ∼19 Å to obtain a final OF state ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}F). Tyr61 loses its interaction with Asp190 and Gln132 to obtain the final OF state. The phenol ring of Tyr61 shifts down and interacts with Gln132 (CO) stabilizing the conformation of TM2. The sliced surface representation of intermediate states shows the change in pore channel radius during the conformational transition from one state to the other ([Figure S10A--F](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)).

![Conformational switches characterized using TPT for glucose unbound simulations. The structural transitions from IF to OF via intermediate states are shown in parts A--F. (A) Extended IF. (B) IF. (C) Partial IF--OC. (D) OC. (E) Partial OC--OF. (F) OF. The distance between the gating residues and key polar interaction between the crucial residues that drives the structural changes are shown in black dashed lines.](oc-2019-00252f_0003){#fig3}

Structural Dynamics of *apo* and *holo* OsSWEET2b {#sec2.4}
-------------------------------------------------

The simulation provides the global structural flexibility of the individual amino acids. The root mean-squared fluctuation (RMSF) calculation of *apo* and *holo* OsSWEET2b simulations enables us to determine the segments of the transporter that are crucial for conformational dynamics and substrate transport. The intra- and extracellular loops are highly flexible in both *apo* and *holo* simulations ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B). The helices 3, 4, 5, and 6 are very dynamic in *holo* in contrast to *apo* revealing that the presence of glucose increases the flexibility of the transporter ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C, [Figure S11A,B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The helix 2 was relatively stable in both simulations as compared to other helices ([Figure S11A,B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). To identify the crucial residues that drive the conformational transition, we calculated all possible residue--residue contacts for both *apo* and *holo*, shown as a Debye--Waller factor ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D--F). The high residual contacts are noticed at the extracellular region in both *apo* and *holo* ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D--E) which shows that key ionic and polar interactions stabilize OC and IF states. The residues in the transmembrane domain 2 and 6 and the intracellular loops IL1/IL3 form key hydrogen bond contacts and are involved in a structural transition to different conformational states. However, the high residue--residue interactions are noticed for *holo* in these regions compared to *apo*. One possible reason could be that in *apo* simulation the residues freely access the void space inside the channel pore while, in the glucose bound (*holo*) system, the residue and substrate are strongly coupled to form a favorable interaction that leads to structural changes and a transport mechanism. To determine the substrate (glucose) induced conformational transition and transport, we studied the complete glucose transport mechanism in OsSWEET2b.

![Molecular dynamics analysis of global fluctuations of *apo* and *holo* OsSWEET2b. Root mean-squared fluctuations (RMSFs) of the (A) *apo* and (B) *holo* transporter from the crystal structure. (C) Difference between the RMSF of the *apo* and *holo* transporter from the crystal structure. Tube thicknesses correspond to the RMSF values for each residue. The residue--residue contacts for each residue in the (D) *apo* and (E) *holo* transporter. (F) Difference between the residue--residue contacts for the *apo* and *holo* transporter. The tube thickness shows the frequency of the contacts for a particular residue in the transporter.](oc-2019-00252f_0004){#fig4}

Intracellular Hydrophobic Gating Residues Act as a Conformational Barrier to Glucose Translocation {#sec2.5}
--------------------------------------------------------------------------------------------------

We characterized the glucose transport mechanism in OsSWEET2b by initializing the simulation from the OF state over a period of ∼68 μs. We determined the conformational driven glucose translocation and the transport cycle of OsSWEET2b ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). TPT identifies the top flux pathways from the IF (source) to OF (sink) state through intermediate states in the MSM using TPT. The kinetics plot shows that the time required for one complete glucose transport cycle is estimated as ∼6 μs ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The average mean first passage time (MFPT) for the glucose translocation was determined as ∼6.4 ± 0.3 μs by TPT. The guanidinium group of Arg189 recognizes the glucose molecule and initiates substrate transport ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). The gating residues are ∼15 Å apart and favor glucose binding at the periplasmic side. Asp190 coordinates with glucose, thereby facilitating transport to the extracellular surface, and forms stable contacts with Arg70 and Asp68. The distance between gating residues decreases to 10 Å as the polar interaction tightens the extracellular cavity ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). The glucose diffuses to the pore channel through Tyr184, Asn197, Tyr61, and Arg70 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C), and this results in the closure of the transport channel at the extracellular part of the transporter. The glucose is stabilized by Asn197 and Asn77 in the binding site, and mutation of these residues to alanine reduces the glucose uptake in SWEETs and SemiSWEET.^[@ref8]−[@ref10],[@ref13],[@ref15]^ At this juncture, the transporter is closed at both ends to obtain the OC state ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). The intracellular hydrophobic gating residues Phe24 (TM1)--Met146 (TM5)--Met177 (TM7) act as a barrier for the glucose and restrict further movement. The formation of a strong electrostatic interaction (Asp190--Arg70--Tyr61--Gln132) at the extracellular part of the transporter ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D and [3](#fig3){ref-type="fig"}B) weakens the hydrophobic gate; as a result, the intracellular gating residues start moving away from each other.

![Simulation of the binding of the glucose molecule to OsSWEET2b. The glucose binding mechanism and the glucose driven conformational changes are shown in parts A--H. (A--C) In the OF state, glucose binds to OsSWEET2b. (D) Structural transition to OC and glucose stabilized at the binding site. (E--F) The opening of the intracellular gate and glucose slides down to cytosolic loops. The distance between gating residues \[Arg70 (CZ)--Asp190 (CG) and Phe165 (Cα)--Phe43 (Cα)\] are shown in magenta. The intracellular hydrophobic gates Phe24--Met146--Met177 are shown in cyan. The glucose molecule is shown in green.](oc-2019-00252f_0005){#fig5}

The displacement of the intracellular gating residues (Phe165--Phe43) to 9 Å from each other increases the distance between the hydrophobic gating residues allowing glucose to enter the intracellular part of the transporter ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}E). Ser51, Asn54, and Asn77 coordinate with glucose to overcome the hydrophobic barrier (Phe24--Met146--Met177). Ser51 is replaced by Thr47 in AtSWEET1 and plays a crucial role in sugar transport.^[@ref15]^ Glucose slides down and forms a hydrogen bond interaction with Gln84, which further opens the intracellular gates of the transporter to ∼12 Å ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}F and [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). Finally, the transporter reaches the IF state as the distance between the gating residues increases to ∼17 Å, and glucose interacts with Ser26, Asp44, and Tyr48 and leaves the transporter ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}G,H). The comparison of IF, OC, and OF states of glucose unbound and bound simulations reveals that SWEETs translocate glucose freely as SemiSWEETs^[@ref13]^ ([Figures S13 and S14](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). Although, in glucose bound simulations, we obtained hourglass-like intermediate states, the measurement of the mean pore radius shows that the pore is constricted at the intracellular hydrophobic gate which restricts the channel-like leaks thereby maintaining the alternate access transport mechanism. We also compared the Cα distance between the hydrophobic gating residues in IF, OC, and OF states of SWEETs, in good agreement with the IF, OC, and OF SemiSWEET structures ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)).

Simulation Identifies Key Sensitive Residues and Predicts Deleterious Mutation {#sec2.6}
------------------------------------------------------------------------------

To determine the role of crucial residues in the glucose binding and transport, we computed noncovalent interactions such as H-bonds and aromatic and weak hydrophobic interactions using GetContacts software.^[@ref23]^ We identified the critical residues in the extracellular (Tyr184), transmembrane domain (Asn17, Asn54, Gln84, Met146, and Met177), and intracellular (Tyr48) region that drives the glucose uptake and transport mechanism. We validated our computational predictions using site-directed mutagenesis experiments. Our MD analyses show that Tyr184 is involved in the extensive polar and hydrophobic interaction with glucose and accelerates movement to the center of the transporter. Our experimental findings show that the mutation of Tyr179 to alanine in AtSWEET1 had a dramatic effect on transport activity ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). The earlier studies indicated that the mutation of Tyr179A in AtSWEET1 has little effect on the transport activity;^[@ref24],[@ref25]^ however, we have shown that Tyr184 is one of the crucial residues involved in the transport process ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). Asn17 to alanine has no significant effect on glucose transport. We predicted that Asn54 points toward the transport channel during the conformational driven glucose transition and forms a crucial hydrogen bond contact with glucose. Our experiments show that the substitution of Asn50 to alanine abolishes the transport activity in AtSWEET1 ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). The evolutionary sequence analysis performed using ConSurf^[@ref26]^ reveals that Tyr179 and Asn50 are conserved across the SWEET family ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). We also mutated the key hydrophobic gating residues that form a weak van der Waals interaction with glucose during the transport cycle. The mutation of Met141 with alanine has little effect while Cys172 to alanine has a significant effect on the glucose transport activity ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). Gln84 is replaced by Glu80 in AtSWEET1 and other AtSWEET subtypes except AtSWEET2 and AtSWEET10, and the mutation of Glu80 to alanine leads to a complete loss in the transport activity ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B and [Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). Tyr48 at the intracellular region is conserved across the SWEET family and forms a van der Waals interaction as well as a polar interaction with glucose during the exit pathway. The mutation of Tyr44 in AtSWEET1 disrupts the transport activity as is consistent with our simulation predictions. The residues reported in our study are unique, play a major role in the glucose transition, and were not known earlier, and it is not possible to obtain these data without simulating the complete glucose transport pathway. The sliced surface representation shows that the center hydrophobic region is conserved in the SWEET family compared to the extracellular and intracellular region ([Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)).

![Prediction and validation of crucial residues along the transport pathway. (A) Computation predictions of crucial residues in the glucose transport pathway. The tube thickness shows the frequency of the contacts. (B) Functional analysis of mutant AtSWEET1 by complementation of the yeast growth assay. N13A and M141A have little effect on transporter activity. C172A, Y44A, E80A, and Y179A have dramatic effects on the activity and significantly reduce yeast growth. N50A abolishes activity completely.](oc-2019-00252f_0006){#fig6}

Conclusion {#sec3}
==========

Our study reveals in atomistic-level detail the conformational transitions constituting the OsSWEET2b transport cycle as well as the free energy landscape associated with the entire process. We also characterized the complete glucose transport mechanism from the extracellular to the intracellular side of the plasma membrane for the first time for any plant transporter using extensive unbiased simulation. MSM weighted conformational plots of the glucose unbound simulation show that a free energy barrier of ∼4 kcal/mol is required for one complete cycle from the IF to OF state. The conformational switch from IF to OC requires less free energy, and the transition from OC to OF via the partial OC--OF state has a higher free energy barrier.

The free energy barrier between various states for glucose bound simulations is less compared to that for unbound simulations, and our MD study shows that the glucose molecule changes the conformational landscape of the transporter. Glucose transport pathways show a barrier of ∼3 kcal/mol to switch from the intermediate to the IF state. The presence of glucose reduces the free energy barrier of the transporter to ∼1--2 kcal/mol. The crystal structure of OsSWEET2b was determined in the IF state, and our MD study agrees with structural studies showing that IF is one of the most stable states of the transporter. The predicted OC state is also relatively stable in both simulations. In the *holo* simulation, we observed greater stability of the OF state which is in contrast to the lesser stability in the *apo* simulation. The glucose molecule forms an energetically favorable interaction and diffuses to the cytoplasmic half. The exchange of the hydrogen bond interaction network between glucose and polar residues around the pore channel drives the conformational change and the transport process. In the absence of substrate, the water molecules coordinated with residues and favor structural rearrangements which may be a relatively slower process compared to the substrate bound instance. Hence, the combined glucose--water effect shifts the conformational equilibrium of intermediate states to enhance the transport. The lowering of the activation energy in the presence of ADP/ATP was shown in ADP/ATP carrier proteins using well-tempered metadynamics.^[@ref27]^ The simulation of LeuT in the presence of leucine with the sodium ion also shows that the substrate bound simulation samples more wide conformations compared to *apo* simulations.^[@ref28]^ We captured the complete cycle of glucose translocation in OsSWEET2b and predicted the key residues that play a significant role in the transport mechanism. We also validated our predictions using mutagenesis experiments, and the results show that our predictions play a significant role in the transport mechanism.

SWEETs are passive transporters that transport substrate molecules through facilitated diffusion. During photosynthesis, the main product is glucose, and it is rapidly accumulated in the leaves; it needs to be efficiently transported to different tissues. SWEETs facilitate the transport of sugar molecules from leaves to phloem. Our study shows that the binding of glucose flattens the free energy conformational landscape of the SWEET transporter. In other words, the transport process becomes more energetically favorable in the presence of glucose. The improved efficiency of glucose bound transporters would facilitate the efficient distribution of sugar molecules to various tissues with limited energetic cost. The lowering of the free energy barrier only in the presence of the substrate would also hinder the transport of other molecules thereby enhancing the selectivity of the transporter.

The comparison of the glucose transport mechanism in SWEET and SemiSWEET shows a similar pattern of substrate translocation. Although few MD studies on SemiSWEETs are reported in the literature, the complete substrate transport mechanism was not fully characterized.^[@ref13],[@ref29]^ The extracellular residues in SWEET and SemiSWEET play a crucial role in glucose recognition and the transport mechanism. The conserved Tyr61 (TM2) and Tyr184 (TM7) form key contacts at the periplasmic side, and mutation to alanine leads to the loss of function in both SWEET and SemiSWEET^[@ref13],[@ref15]^ ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The glucose molecule is stabilized in the binding site by Asn77 and Asn197, and these residues are fully conserved across the SWEET and SemiSWEET family of transporters^[@ref13],[@ref15],[@ref29]^ ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). Multiple studies show that mutation of these residues abolishes the glucose uptake ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)).^[@ref8]−[@ref11],[@ref15]^ The glucose bound MD snapshot of SWEET shows good agreement with the substrate bound SemiSWEET ([Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The evolutionary sequence alignment of SWEETs shows that these residues are conserved across the family ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). Bera et al. show that Thr15 at the binding site provides additional stability to the glucose whereas the equivalent residue in SWEET is hydrophobic; however, the Asn54 in TM2 forms a favorable contact to stabilize the glucose molecule adjacent to the binding site. The sequence analysis of SWEET also reveals that the conserved hydrophobic intracellular gate acts as a barrier for the glucose to enter the cytoplasmic side ([Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The bulky aromatic Phe17 (TM1) and Phe41 (TM3) act as a barrier for glucose entry in LbSemiSWEET;^[@ref13]^ however, the mutation of equivalent residues in SWEETs leads to a dramatic effect ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). In SWEET, we identified that Gln84 (TM3) forms a key polar contact at the transient state before the glucose slides down to the loop region; in contrast, the equivalent residue in SemiSWEET is hydrophobic. Upon opening of the cytoplasmic half, the glucose diffuses to the intracellular side by forming polar contacts with TM1 residues in both SWEET and SemiSWEET.^[@ref29]^ The passive glucose transporter was also reported in humans which plays a crucial role in pathophysiological functions; however, the previous studies used a nonequilibrium approach to understand the substrate translocation from the binding site, as obtaining an unbiased landscape for the complete transport cycle is computationally expensive.^[@ref30],[@ref31]^

To our knowledge, this is the first unbiased computational study that captured the conformational dynamics and the intermediate states of SWEETs. We also explored the glucose transport mechanism by initializing the simulation from the OF state. We found that the large cytoplasmic opening of the intracellular gates is not required for the glucose, as the molecule is small enough to escape when the pore is partially open. However, it may not be true for larger substrates such as sucrose or fructose. SWEETs form functional oligomers and transport substrate molecules. We have investigated that the monomeric form of SWEET is functional; however, the effects of oligomerization on the transport activity remain elusive. Thus, future research should focus on understanding the effect of SWEET oligomerization and how it plays a role in sugar translocation.

Methods and Materials {#sec4}
=====================

Simulation Details {#sec4.1}
------------------

The 3D coordinates of *Oryza sativa* OsSWEET2b (PDB ID: 5CTH) were downloaded from the Protein Data Bank (PDB).^[@ref32]^ The membrane-protein molecular dynamics (MD) system was built using the Membrane Builder plugin in CHRMM-GUI.^[@ref33],[@ref34]^ The OsSWEET2b structure was aligned to the *z*-axis, inserted to a homogeneous phosphatidylcholine (POPC) lipid bilayer, and solvated using TIP3P^[@ref35]^ water molecules. Although the plant membrane is heterogeneous, we preferred to use phosphatidylcholine (POPC) in our study, as the phospholipid composition of monocots shows a preference to PC as compared to other lipids in leaves, fruits, and grains.^[@ref36],[@ref37]^ We also noticed a similar pattern in dicots and in the model plant *Arabidopsis thaliana*.^[@ref38],[@ref39]^ Plant membranes have a wide array of sterols, but there is no known sterol binding site for SWEETs. It is well-documented that in the presence of sterols, the composition of lipids affects the protein dynamics by altering the membrane thickness.^[@ref40]^ Recent MD studies on bacterial SemiSWEETs were performed using membranes with homogeneous PC and mixed PE--PG lipids. We wanted to contrast the glucose transport mechanism of SWEETs and SemiSWEETs in this study, so we chose to maintain a similar lipid composition. Moreover, the studies on bacterial transporter, LacY, reveal that the substrate binding and transport rate do not vary significantly for different lipid environments.^[@ref41],[@ref42]^ Likewise, the computational study on another bacterial transporter, LeuT, in a different membrane environment shows that the average hydrophobic thickness does not vary significantly with lipid composition.^[@ref43],[@ref44]^ Therefore, we do not expect the nonspecific effects of membrane composition to significantly affect our results. The effect of different lipids on SWEETs and SemiSWEETs conformational dynamics is beyond the scope of the current study. However, it presents an interesting question about the role of plant lipids in altering membrane-protein function which could be addressed in a future work. The MD system was neutralized by adding a 150 mM NaCl salt concentration. The glucose molecule was added to a CHARMM-GUI built MD system using Packmol.^[@ref45]^ A 100 mM concentration of glucose (equivalent to 16 molecules) was randomly added to the MD system. Later, the MD system was saved as a pdb file format and used as an input in the Tleap module of AMBER 14^[@ref46]^ to convert from CHARMM to an amber force field file. The force field parameters for glucose were obtained from the GLYCAM database.^[@ref47]^ The amberff14SB force field was used for the MD simulation.^[@ref48]^ The MD system was subjected to conjugate gradient minimization for 20 000 cycles. Later, the system was slowly heated from 0 to10 K in the NVT ensemble for 1 ns and from 10 to 300 K over a period of 2 ns in the NPT ensemble. The MD system was equilibrated for 50 ns at 300 K under the NPT condition. The temperature was maintained constant using the Berendsen thermostat, and pressure was maintained at 1 atm using a Berendsen barostat.^[@ref49]^ Hydrogen bonds were constrained using the SHAKE^[@ref50]^ algorithm, and long-range electrostatics were treated using the Particle Mesh Ewald method.^[@ref51]^ The final production runs were conducted over a period of ∼213 μs.

We used an adaptive sampling approach for investigating the glucose transport process in OsSWEET2b. After each round of simulations, the simulation data were clustered on the basis of biologically relevant metrics, and the structures from the least populated clusters were chosen for the next round of simulation. This method increases the sampling efficiency by reducing the simulation time spent in the stable minima.^[@ref52]^ The trajectories were featurized on extracellular and intracellular gating residue distance and clustered using the minibatch K-means algorithm.^[@ref53]^ For the glucose bound simulation, we also included the *z*-position of glucose for clustering to improve the sampling of glucose bound states. The structures from the least populated clusters were chosen as starting structures to continue the next set of simulations, thereby improving the sampling of poorly sampled regions of configurational space. Adaptive sampling has been shown to efficiently sample the large conformational changes in various important targets.^[@ref54]−[@ref60]^ The adaptive sampling approach introduces sampling bias in the simulation data set, and this bias is eliminated during construction of the Markov state model (MSM). The sampling bias is introduced as simulations are started from the least populated states after each round. Therefore, the population of the states based on the raw simulation data could be different form the real equilibrium population of the state. This issue is addressed by estimating the reversible transition probability matrix for transition between all of the conformational states. In the limit of large data, these errors are expected to be small. Here, we show that there is not much difference between the population of states derived from raw data and the MSM derived equilibrium population. The list of the number of rounds of simulation for the glucose unbound and glucose bound simulation is given in [Tables S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf).

MSM Construction {#sec4.2}
----------------

The trajectory data were featurized on the basis of the 9 residue--residue contacts ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The multidimensional data were transformed to the space of the 3 slowest time structure-based independent components (tICs) and clustered using the minibatch K-means algorithm.^[@ref53]^ The optimum cluster number was chosen using Osprey that generates the cross-validated generalized matrix Rayleigh quotient (GMRQ) score.^[@ref61]^ The highest scored cluster number, 900, was used for future analysis ([Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)).^[@ref62]^ MSMBuilder 3.6 was used to build MSM on trajectory data.^[@ref63]^ MSM was constructed using a lag time of 13 and 18 ns for glucose unbound and bound simulations. To check the quality of MSM, we estimated the error by a bootstrapping method that changes the underlying transition probability matrix, builds a new MSM, and estimates the free energy landscapes for the new MSM. We calculated the error for each bin of the 2D histogram to obtain the error bar on the conformational landscape plots. For both *apo* and *holo* MSM, the error bars lie in the range 0--0.5 kcal/mol. High values (0.5 kcal/mol) of error are only observed for low populated states at the edges of the landscapes. The average error in the free energy for all the bins is 0.2 kcal/mol ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf)). The equilibrium probability of all MSM states and raw count populations are shown in [Table S3 and Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf). The conformational landscape for both *apo* and *holo* raw data with relative free energies is shown in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf), and the plots are very similar to MSM weighted plots. The TPT module in MSMBuilder 3.6 was used to identify the conformational transition between the intermediate states.^[@ref19]^ The source (IF) and the sink (OF) states were chosen, and TPT identifies the top flux pathways through key intermediate states. Since it is hard to visualize and interpret 900 clusters to understand the conformational pathway, we lump MSM states into 6 macrostates. We analyzed macrostates and explained in detail how the crucial residues form key interactions to drive the structural transition from one state to the other. The kinetic plots are generated using Kinetic Monte Carlo. The Kinetic Monte Carlo synthetic trajectory shows state-to-state dynamics to characterize the glucose transition from the extracellular side to cytosol. Given a state *i* for a chosen lag time of 18 ns, the transition to state *j* was determined in MSM states. From each state the random snapshot was extracted, and a trajectory was obtained which is comparable to a single copy of the long simulation. We have chosen the glucose unbound OF state as a starting state and generated the 10 μs trajectory to visualize the complete glucose translocation.

Trajectory Analysis {#sec4.3}
-------------------

The CPPTRAJ module^[@ref64]^ in AMBER 14 and MDTRAJ^[@ref65]^ was used for postprocessing the MD trajectories. The 2D plots were generated using Matlab v2015 (MathWorks).^[@ref66]^ The MD snapshots were visualized and analyzed using VMD 1.9.2^[@ref67]^ and pymol v1.7.^[@ref68]^ To measure the pore radius of different states, we randomly extracted 300 frames from each state (OC and OF) from the simulation data, and the transport pore channel radius was calculated using the Hole program.^[@ref22]^

Yeast Complementation Growth Assay {#sec4.4}
----------------------------------

SWEET1 mutants were made by overlapping PCR or synthesis. They were cloned into the yeast expression vector pDRf1-GW. Yeast growth assays were carried out as described previously with minor changes.^[@ref4]^ The hexose transporter deficient yeast strain EBY4000 \[hxt1-17D::loxP gal2D::loxP stl1D::loxP agt1D::loxP ydl247wD::loxP yjr160cD::loxP\] was used for transformation with vector (negative control), SWEET1 (positive control), and mutants, respectively. For spotting assays, cells were grown in liquid synthetic medium (0.17% YNB and 0.5% (NH~4~)~2~SO~4~) with 2% maltose and then diluted to an OD600 of 0.1 in water. Three 10-fold serial dilutions were performed. The diluted yeasts were plated on synthetic medium containing either 2% maltose (as a control) or 2% glucose. Yeast growth was documented by Gel Doc (Biorad) after 3 days at 28 °C. No unexpected or unusually high safety hazards were encountered in this work.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.9b00252](http://pubs.acs.org/doi/abs/10.1021/acscentsci.9b00252).Additional data and figures including structures, GMRQ scores, implied time scales plots, raw counts and MSM weighted data, conformation landscapes, transition path theory analysis, Kinetic Monte Carlo synthetic trajectory, and evolutionary sequence analysis ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00252/suppl_file/oc9b00252_si_001.pdf))
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